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Introduction {#sec1}
============

Peyronie's disease (PD) is a benign and progressive fibrotic condition of the tunica albuginea (TA). This disorder is characterized by excessive accumulation of collagen fibers and other components of the extracellular matrix (ECM). This condition also includes evading myofibroblast apoptosis and cytokine dysregulation. Eventually, it leads to the formation of inelastic penile plaques due to local inflammatory changes that progress during an abnormal wound healing process.[@bib1]^,^[@bib2] François Gigot de la Peyronie originally described this condition in 1743, but the pathogenesis remains unclear and enigmatic.[@bib3] This disease has acute (active) and chronic stable phases with different clinical courses. During the acute phase of PD at 12--18 months after the onset, inflammatory changes occur in the TA due to repeated microtrauma during sexual intercourse. During this period, patients with PD are aware of penile pain in flaccid state, and painful erections, palpable nodes, and the development of penile deformation.[@bib4] During the chronic phase, the pain generally disappears, and plaques that form during the acute period stabilize, cause penile curvature and other deformities (such as hourglass deformities and hinge effects), and shortening of length of the penis.[@bib5], [@bib6], [@bib7]

Despite limited epidemiologic data, the prevalence of PD ranges from 0.4% to 20.3% in men aged 40--70 years, considering concomitant pathologies such as diabetes mellitus and erectile dysfunction.[@bib8], [@bib9], [@bib10] Most studies over the past two decades have found that transforming growth factor (TGF)-β1 is a crucial cytokine in the pathogenesis PD. High levels of TGF-β1 expression cause the differentiation of fibroblasts into myofibroblasts, and eventually, this leads to disrupted apoptotic mechanisms and the excessive accumulation of ECM, especially, collagen I and III, IV types in penile plaques.[@bib11] The purpose of this study was to highlight new insights into PD pathogenesis and the roles of TGF-β1 in the development and stabilization of PD in the context of interactions among cell signaling pathways, as well as the expression of other key target cytokines and growth factors.

Pathogenesis of Peyronie's disease {#sec1.1}
----------------------------------

### Roles of genetic alterations, epigenetic modifications, and chromosomal abnormalities {#sec1.1.1}

A few studies have investigated chromosomal abnormalities in fibroblasts derived from PD. Somers and co-authors applied karyotyping and uncovered chromosome additions (trisomy 7 and 8), deletions Y chromosome (45X,-Y), reciprocal translocations: 46XY,t(11;22) (q11;p11) and 46XY,t(l;5) (q25; q11) and chromosomal inversions: 46XY,inv(7) p22q36 and 46XY,M1.[@bib12]

Other genes that are involved in the pathogenesis of PD include: 16q12.2; 20q13.12; 2p11.2; Xq21.3-q22; 11q13; 3p21.3; 17q25.3; 7q33; 21q21.3; 14q11.2; 7q11.23; 1p13.3; 1p32-p31; 5q31.1; 17q11.2-q12;12q21.33;17q12;10p11.2;5q31.3-q32;6q25.2-q27;22q13.1;1p36.21;8q24.21;19q13.3;2q37.1;15q22.1;12q24.11;Xq28;4q24;2p25;10q23.3;2q35;5q31;11p15.4;18q21.1;12q13;17q21.33 and 19q13.1. These genes transcribe factors involved in various processes of the organization and disorganization of the extracellular matrix, and the expression of multiple cytokines, growth factors, and signaling molecules during the abnormal healing process in PD tissues.[@bib11]^,^[@bib13] Mulhall et al[@bib14]^,^[@bib15] compared the functions of the p53 pathway between fibroblasts from plaque and from control neonatal foreskin after irradiation. They found no statistically significant differences in levels of p53, p21, and mdm2 proteins in fibroblasts derived from PD plaque before and after irradiation, indicating that the p53 signaling pathway is functionally disadvantaged. The overexpression of TGF-β1 is the key factor in many fibrotic conditions. Some studies have associated the single-nucleotide polymorphism (SNP) rs1800471 (G915C) with PD. This SNP causes the substitution of arginine with proline in TGF-β1 protein. This SNP might be the consequence of a point missense mutation in the TGF-β1 gene.[@bib16] Dolmans et al[@bib17] found a significant association between SNP rs4730775 (Wnt2) and the pathogenesis of PD.

Only one of nine loci is positively associated with Wnt signaling, and it is located on chromosome 7, a frequent site of genetic abnormalities in PD plaques.[@bib17]^,^[@bib18] Zorba et al[@bib19] showed that elevated levels of anti-apoptotic Bcl-2 gene expression enhance proliferative activity. They also showed that Fas gene receptors are not upregulated in TA and PD plaques, compared with Fas ligand. Levels of caspase 3 and 8 are also decreased in both TA and PD plaques. The amount of Fas expression plays an important role in sensitizing fibroblasts to Fas ligand-induced apoptosis with different cytokines. Increased cell-surface Fas expression is necessary to sensitize fibroblasts to Fas ligand-induced apoptosis, and to overcome non-Fas-mediated anti-apoptotic mechanisms induced by TGF-β1.[@bib20]^,^[@bib21] Many fibrotic diseases have epigenetic modifications without changes in the DNA sequence. The epigenetic regulators, histone deacetylases (HDAC), have been studied in detail. They alleviate the TGF-β1-induced nuclear translocation of Smad2/3 and its further transcription effects in fibroblasts in many organs.[@bib22]^,^[@bib23] Ryu et al[@bib24] showed that inhibiting histone deacetylase 2 with a specific small interfering (si) RNA significantly decreases ECM production. They also showed a decrease in myofibroblastic differentiation, and the phosphorylation of Smad2/3 in TGF-β1-induced fibroblasts derived from PD plaques. Kang et al[@bib25] showed a similar effect by inhibiting histone deacetylase 7 with siRNA. They also demonstrated that the expression of mRNA of HDAC 2,3,4,5,7,8,10, and 11 isoforms was higher in fibroblasts derived from PD-plaque than in normal TA. Some studies of animal models have shown that inhibitors of HDAC such as trichostatin A (TSA) and valproic acid (VPA) significantly decrease the level of Smad3/Smad4 complexes in TGF-β1/Smad signaling of fibroblasts that rely on the epigenetic modulation of collagen I type.[@bib26]^,^[@bib27] Choi et al[@bib28] showed that in a mouse model of unilateral ureteral obstruction (UUO), CG200745, an inhibitor of HDAC attenuated oxidative stress, inflammatory cytokines and also markedly reduced the expression of α-SMA, fibronectin, collagen I, and TGF-β. Choi et al[@bib29] showed that the overexpression gene of Smad7 inhibited the TGF-β1 induced production of ECM, myofibroblastic differentiation of PD-derived fibroblasts, phosphorylation, and nuclear translocation of Smad2/3. They also found that Smad7 induced apoptosis and blocked cell cycle entry in fibroblasts from PD plaque. Similar results were generated by Wu et al[@bib30] who co-cultivated bone mesenchymal stem cells (MSC) transfected with a lentiviral vector carrying a Smad7 gene, with hepatic stellate cells in a rat model of hepatic fibrosis. Numerous transcriptomic studies have shown that the human genome is transcribed with multiple non-coding RNA (ncRNA), including microRNA (miRNA, miR) and long non-coding RNAs (lncRNA).

These RNA participate in diverse cellular processes, such as gene regulation, gene expression, cell proliferation, cell differentiation, and apoptosis. They might also be involved in the development and progression of fibrotic diseases. Overexpression of miR-29b significantly reduces the expression of α-SMA and COL1A1, inhibits the proliferation of myofibroblasts and induce their apoptosis, indicating that the miR-29b might play a significant anti-fibrotic role in hypertrophic scars.[@bib31]^,^[@bib32] Inhibiting miR-148b enhances the TNF-α/IL-1β-mediated endothelial-to-mesenchymal transition (EndMT) of endothelial cells during wound healing with the loss of its markers CD31 and VE-cadherin. On the other hand, miR-148b overexpression promotes angiogenesis, accelerates wound closure, and attenuates cytokine-mediated EndMT.[@bib33]

### Influence of the alterations of ECM in Peyronie\'s disease and other fibrotic disorders {#sec1.1.2}

The cell microenvironment greatly influences the growth, survival, and behavior of cells. The ECM provides not only structural and mechanical support for cells and tissues but also binds transmembrane receptors and soluble ligands to coordinate several signal cell pathways. A plethora of studies has demonstrated fibroblast differentiation into myofibroblasts and excessive ECM accumulation in many fibrotic states.[@bib34]^,^[@bib35] The ECM serves as a reservoir for several latent growth factors. Changes in the organization of ECM might contribute to the disrupted activation of signaling molecules and harm tissue homeostasis. Several mass-spectrometry(MS)-based proteomic studies have found predominant ECM components in connective tissues and basal membranes, including collagen I, III, IV, VIII, XII, XIV, and XXI types, laminins, nidogens, fibronectin, vimentin, perlecan, prolargin, versican, matriline, tenascins, thrombospondin, decorin, and fibromodulin.[@bib36]^,^[@bib37] The maintenance of homeostasis and ECM turnover is involved in several factors and mechanisms. This comprises complex interactions between matrix metalloproteinases (MMP) and tissue inhibitors of matrix metalloproteinases (TIMP). The MMP are involved in the reinforcement and debilitation of many processes that influence the development of fibrosis. Metalloproteinases might possess both profibrotic and antifibrotic properties. Stromelysin-1 (MMP-3) and gelatinase B (MMP-9) can activate latent TGF-β1, and thus manifest a pro-fibrotic effect. Matrilysin (MMP-7) can indirectly mediate fibrosis by splitting syndecan-1 carrying the chemokine CXCL1, which is required for neutrophil influx. Each of MMP-2, MMP-3, and MMP-7 can degrade the ECM proteoglycan decorin and release latent TGF-β1.

MMP-8 blocks the IL-10 signal and leads to fibroblast activation and collagen overproduction. Therefore, MMP-dependent functions during fibrosis are not limited by effects on ECM turnover, and they also influence the proliferation, gene expression, and many aspects of inflammation. Notably, matrixins (MMP) require Zn^2+^ ions for adequate functioning and catalytic activity.[@bib38]^,^[@bib39] Gunes et al[@bib40] recently applied atomic absorption spectrophotometry and found significantly lower levels of the trace elements Mn, Cu, Zn, and Fe, whereas levels of Cd and Co remained unchanged in patients with PD. A zinc deficiency might contribute to the progression of fibrotic changes. Sakiyama et al[@bib41] showed that Zn and Cu deficiencies diminish the activity of superoxide dismutase 1 (SOD1), which increases collagen accumulation in the livers of SOD1 knockout mice. They also found that levels of TIMP-1 and collagen-specific molecular chaperone-heat shock protein-47 were increased due to the actions of an excessive amount of superoxide anions in SOD1 knock-out mice. Zhang et al[@bib42] showed that zinc deficiency in a mouse model of streptozotocin-induced diabetes resulted in increased synthesis of type I collagen, fibronectin, and an increased number of α-SMA positive renal fibroblasts. All these activities lead to an MMP/TIMP imbalance and further progression of fibrosis. Some studies have found that TIMP 1--4 accumulation increases in plaques, whereas MMP levels remain unaltered during the pathogenesis of PD. Del Carlo et al[@bib43] demonstrated that TGF-β induces the excessive accumulation of all four TIMP, but no changes in the levels of collagenases (MMP1, 8, and 13). On the other hand, interleukin (IL)-1β significantly induces the production of MMP 1, 3, 10, and 13 via a mechanism that is independent of Ca^2+^. Notably, TGF1β reduces the activity of MMP by increasing the expression of TIMP. Watanabe et al[@bib44] found no changes in the levels of MMP-2 and MMP-9 expression between patients with PD and healthy men. They also found high levels of heparanase-1 and -2 expression compared with controls, while levels of dermatan sulfate, hyaluronic acid synthases (HAS1 and HAS2) and hyaluronidases (Hyl1 and Hyl2) did not change in PD plaques. Concentrations of hyaluronic acid are high in the TA. Owing to its hydrating action, the distribution of nutrients in connective tissue structures is controlled and the inflammatory cytokine pool is influenced. These studies also uncovered the decreased apoptosis and fewer blood vessels in PD tissues. Heparan sulfate proteoglycans interact with other matrix components to form a type of shelter for growth factors and cytokines. Accordingly, the enzymatic destruction of the heparan sulfate structure caused by heparanase (HPSE) accompanies the release of these molecules and of low molecular weight fragments of heparan sulfate. The latter increases the production of interleukins and other proinflammatory cytokines by leukocytes.[@bib45]

Yue et al[@bib46] also found sulfatase-1 and -2 overexpression in idiopathic pulmonary fibrosis, and that these enzymes are regulated by TGF-β1. Heparan sulfate protects the ECM from migrants and free radicals, but heparinase affects this function.[@bib47] ProMMP mainly exists in an inactive form since they their structures contain a "cysteine switch," in which the cysteine residue coordinates with the Zn^2+^ ion in the catalytic domain. Activation of MMP might occur through several mechanisms: (1) the extracellular catalytic cleavage of ProMMP by another active MMP or MT-MMP through TIMP-2; (2) intracellular activation of MT-MMP (MMP-11, MMP-23, MMP-28) by furin protein; (3) oxidation and nitrosylation of the thiol group of the cysteine switch in ProMMP by reactive oxygen species (ROS) and nitric oxide (NO), respectively; (4) low pH and warm temperature; and (5) proteolytic cleavage by other proteases such as plasmin, α2-macroglobulin.[@bib39]^,^[@bib48], [@bib49], [@bib50] Several proteoglycans in the ECM serve as a depot for latent profibrotic cytokines. Akman et al[@bib51] found PD-like alterations in PD model rats treated with decorin than those treated with TGFβ. Decorin belongs to the small leucine-rich proteoglycan (SLRP) family, which binds to TGF-β and neutralizes its activity. It also modulates TGFβ-dependent cell growth, stimulation, or inhibition. Zhang et al[@bib52] in a scar contracture model modified by the incorporation of recombinant human decorin into collagen gel, showed that decorin inhibited TGF-β1-induced α-SMA and F-actin expression and enhanced the contraction of collagen gel in hypertrophic scar fibroblasts. Jiang et al[@bib53] showed that decorin decreases levels of TGF-β1, p38 MAPK, Akt/PI3K in human peritoneal mesothelial cells. Along with decorin in the ECM, TGF-β might be in the form of large latent complexes (LLC), in which latent TGF-β binding protein (LTBP) is covalently bound to dimeric TGF-β through its latency-associated peptide (LAP).[@bib54] Fibrin as a possible inducer of fibrogenesis is found in PD plaques in humans and in animal models. Fibrin is a key inducer of collagen synthesis and a major promoter of fibroblast differentiation into myofibroblasts.[@bib55] Davila et al[@bib56] showed that fibrin introduced into the TA of the rat penis, acts as a potential profibrotic protein, perhaps via the local release of TGF-β1. Currently prevalent is the concept that trauma during sexual contact is a trigger for the development of PD. Considering this, the internal and external layers of the TA might undergo splitting, thus creating a milieu for inflammation due to the accumulation of extravascular blood. A provisional matrix might arise and undergo remarkable changes such as the formation of a collagen-rich scar from a fibrin-rich "scaffold". Any disruption or shift of ECM structures during inflammation, or mechanical damage would result in changes to intracellular signaling pathways.

All these processes probably occur between the inner layer of the TA and the vascular, loose, areolar connective tissue sleeve without elastic fibers in Smith space.[@bib57] Bernau et al[@bib58] found that tensin 1 (TNS1) overexpression in primary cultures of human pulmonary fibroblasts contributes to the excessive accumulation of ECM due to the formation of fibrillar adhesions that bind extracellular fibronectin fibrils. The status of hyaluronan/versican complexes within a provisional matrix plays important roles in maintaining many fibrotic conditions and probably also PD. During the inflammatory phase of PD, leukocyte infiltration can lead to the formation of small fragments of versican and hyaluronan that have pro-inflammatory properties and stimulate myeloid cells to release inflammatory cytokines.

Moreover, low molecular weight fragments of hyaluronic acid promote collagen production.[@bib59] A role of mechanical stress has also been shown in several models of PD. The TA of the corpora cavernosa consists of inner and outer layers. Bundles of the inner layer are oriented in a circular fashion and support cavernous tissues. Bundles of the outer layer are longitudinally oriented, and extend from the glans penis to the proximal crura and insert into the inferior pubic ramus. Gefen et al[@bib60] created a model that shows stress concentrated around blood vessels and nerve roots due to plaques forming in PD. This irritates nerve endings or compresses the vascular bed and eventually leads to penile deformities and/or painful erections. Herwig and Bayerl[@bib61] developed a physical simulation of buckling stress in PD. This model showed that a fiber-load angle of buckling between 1.2° and 6.4°in the inner layer of the penis can lead to significant rupture of the outer layer. Other factors in the ECM besides decorin, MMP, fibrin, and mechanical stress such as integrin αvβ6, thrombospondin-1, furin-convertase, can contribute to TGF-β activation. Integrin αvβ6 binds to latent TGF-β complexes in the ECM via LAP, and active TGF-β is released via the intracellular link of the receptor to the cell cytoskeleton and forces arising from mechanical stress for example, during sexual intercourse.[@bib62]

Integrin αvβ6 is not expressed under normal conditions but it is upregulated during injury. Thrombospondin-1 also activates TGF-β1 by binding to LAP in latent TGF-β1 complexes. Wu et al showed that integrin αvβ6 knockout reduces levels of thrombospondin-1 and αSMA in mouse models of corneal wound healing.[@bib63]^,^[@bib64] Among other components of the extracellular matrix, the proteoglycan perlecan plays an important role in the development of fibrotic processes and thus perhaps in PD. Perlecan is a ubiquitous heparan sulfate proteoglycan that localizes in connective tissues.

Most cells in the body synthesize perlecan, which manifests profibrotic properties by inhibiting fibroblast apoptosis by binding to its C-terminal fragment via PI3K. Perlecan also promotes collagen fibrillogenesis via pendant glycosaminoglycan chains ([Fig. 1](#fig1){ref-type="fig"}).[@bib65]Fig. 1Proposed pathogenetic mechanisms, alterations of ECM, and influences of growth factors and cytokines involved in the maintenance and development of PD. Leukocyte infiltration occurs during acute tissue damage, then pro-inflammatory cytokine production begins, which triggers an inflammatory reaction. This leads to formation of a large number of reactive oxygen species and nitric oxide synthesis. During repeated microtraumas and TA mechanical stress, blood vessels become compressed in subshell venous plexus and emissary veins, which lead to a hypoxic microenvironment and increased expression of HIF-1α that activates NO synthase and suppresses prostaglandin E synthesis. Under influence of many factors at low pH, activities LDH, furin convertase, thrombospondin, fibrin persistence, and other hemostatic disorders increase, against a background of ECM reorganization, release of latent TGF β1, followed TGF β1. TGF-β1 signaling cascade is activated by CTGF, which can be activated by PDGF α and PDGF β. During PD, against background of increased expression of heparanase 1 and 2 and other HS-modifying enzymes, bFGF is cleaved from the ECM, which activates CTGF, and low-molecular fragments form that lead to leukocyte infiltration along with an increased MCP-1 expression. At high levels of TGF-β, redox becomes imbalanced by suppressing antioxidant systems (Glutathione synthase and catalase) against a background of increased expression of NAD(P)H oxidase Nox 4 and a deficiencies in Cu and Mn. Redox imbalance results in increased PAI-1 expression, which disrupts fibrinolysis with subsequent fibrin persistence. With increased TGF-β1 expression, MMP synthesis is suppressed and TIMP level increases against the background of redox imbalance and deficiency of Zn ions. Against the backgrounds of all these factors, EndoMT and myofibroblasts accumulation occurs with the subsequent formation of PD plaque consisting of desorbed ECM enriched mainly with collagen. EMC: extracel-lular matrix; PD: Peyronie\'s disease; TA: tunica albuginea; HIF-1α: hypoxia-inducible factor-1 alpha; NO: nitric oxide; LDH: lactate dehydrogenase; TGF: transforming growth factor; CTGF: connective tissue growth factor; PDGF: platelet-derived growth factor; bFGF: basic fibroblast growth factor; MCP-1: monocyte chemotactic protein-1; PAI: plasminogen activator inhibitor; MMP: matrixins; TIMP: matrix metalloproteinases; EndoMT: endothelial to mesenchymal transition.Fig. 1

### Changes in the levels of cytokines and growth factors, and the role of myofibroblastic differentiation in pathogenesis of PD and other fibrotic conditions {#sec1.1.3}

The central profibrotic cytokine TGF-β1 is found in all fibrotic processes, including PD. Many cell types, including macrophages secrete inactive (latent) TGF-β that is linked to the polypeptides, latent TGF-β-binding protein (LTBP) and (LAP).[@bib24]^,^[@bib62] In a paradigm of impaired wound healing, we consider changes in levels not only of TGF-β1, but also of other cytokines and growth factors, as well as the role of oxidative stress in maintaining the fibrotic state in PD, taking into account the unique anatomical localization of the pathological process. An inflammatory cascade is evidently activated during the acute phase of PD and multiple pro-inflammatory cytokines are released accompanied by oxidative stress in response to damage. The exact etiology of the PD remains unknown. A prevalent hypothesis is that PD is caused by repeated traumatic microvascular injury of the TA with further inflammation, elastic fiber disruption, and plasma extravasation with further fibrin deposition.[@bib66] Other viewpoints have been presented regarding the etiology of PD with respect to endothelial dysfunction in patients without risk factors for hypertension, atherosclerosis, and diabetes mellitus. Agrawal et al[@bib67] showed that endothelium-dependent flow-mediated dilation (FMD) is impaired in patients with PD who do not have risk factors such as atherosclerosis. Atar et al[@bib68] showed that patients with early PD have more abundant IL-6 and pentraxin 3, and that this does not correlate with disease duration, degree of curvature, age, and level of C-reactive protein. These cytokines are released by endothelial cells, fibroblasts, monocytes as a result of traumatic events.

A study of 91 patients with stable PD showed elevated serum levels of TGF-β1 and interferon-γ, decreased levels of TNF-α, and undetectable IL-6.[@bib69] Myostatin (GDF-8) is overexpressed in PD plaques, it stimulates myofibroblast generation and collagen expression in healthy TA cells and potentiates the effects of TGF-β1.[@bib70] Many studies of fibrosis have shown that several essential factors play significant roles during impaired healing.

These factors include myofibroblast transformation from fibroblasts, fibrocytes of different origin, smooth muscle cells, MSC, and avoidance of apoptotic mechanisms.[@bib19]^,^[@bib25] Gabbiani et al originally described in 1971, that fibroblasts acquire smooth muscle cell features with the expression of desmin, caldesmon, and actin isoforms that aid progress of fibrotic events after injury, or during the development of granulation tissue.[@bib71] Myofibroblasts generally participate in physiological wound healing by acting in tissue contraction and ECM secretion. Given the specific localization of the pathological process in PD, the origins of myofibroblasts might be tissue-resident fibroblasts and MSC in the Smith space, circulating bone marrow-derived fibrocytes and MSC, smooth muscle cells and endothelial cells from erectile tissue covering cavernosal spaces and emissary veins passing through TA ([Fig. 2](#fig2){ref-type="fig"}). In addition to TGF-β1, several other factors are involved in maintaining the α-SMA positive phenotype and activating myofibroblasts. These factors include platelet-derived growth factor (PDGF), connective tissue growth factor (CTGF), reactive oxygen species (ROS), mechanical tension, pro-inflammatory cytokines (TNF-α, IL-1β, IL-2, IL-6, IL-8, IL-17), angiotensin II, monocyte chemotactic protein-1 (MCP-1), and others. Several studies of fibrosis have shown that PDGF have mitogenic and anti-apoptotic effects on ECM. They are secreted by endothelial cells, macrophages and released from platelets upon degranulation. The expression of PDGF α and β receptors increases during fibrosis in many organs. Lucattelli et al[@bib72] showed significantly increased levels of mRNA expression of PDGF α, PDGF β, and their receptors PDGFR α and PDGFR β in rat models of PD. That study also found high levels of hypoxia-inducible factor-1 (HIF-1) and inducible NO-synthase (iNOS) expression in rats with PD-like lesions.[@bib73]^,^[@bib74] Another important factor that contributes to the maintenance of the fibrotic process is CTGF. This cysteine-rich matricellular protein of the CCN family is involved in the control of many biological processes, such as cell proliferation, adhesion, differentiation, and angiogenesis.[@bib75] The main profibrotic role of CTGF is to promote TGF-β1 activity by decreasing Smad7 and increasing Smad2 when they act together and consequently result a sustained fibrotic response.[@bib76] A pilot study has shown that administering a prostacyclin I2 analog decreased CTGF expression in fibroblasts, and in 29% of patients with PD in whom penile curvature was improved.[@bib77] The redox imbalance plays an important role in the development of PD and other fibrotic processes. Several sources lead to a redox imbalance; NAD(P)H oxidase of the Nox family, and particularly Nox4, play pivotal roles in ROS generation.Fig. 2Origin of myofibroblasts and localization of sources in PD. Myofibroblasts are crucial elements in all fibrotic process, including PD, and they might have various origins. They can arise as a result of smooth myocyte dedifferentiation, via endothelial--mesenchymal transition of endothelial structures, as well as activation and differentiation of MSC, fibrocytes, fibroblasts, both tissue and bone marrow. PD: Peyronie\'s disease; MSC: mesenchymal stem cells.Fig. 2

A redox imbalance also participates in the maintenance of TGF-β1-mediated fibrosis, myofibroblast differentiation, fibrotic/profibrotic gene expression, and the endothelial--mesenchymal transition.[@bib78], [@bib79], [@bib80] A redox imbalance is also supported by TGF-β1, which inhibits antioxidant enzymes such as catalase, glutathione peroxidase, and glutathione (GSH) synthetase.[@bib81] The extent of fibrosis in many tissues depends on collagen synthesis rates and its degradation by cellular proteolytic activities via the uPA/tPA/plasmin/MMP system. Plasminogen activator inhibitor (PAI)-1 is the most potent inhibitor of fibrinolysis, as it controls activities of the uPA/tPA/plasmin/MMPs system and participates in the maintenance of tissue homeostasis.[@bib82] It is a critical element of the TGF-β network along with the redox imbalance and the growth factors described above, and is mainly deposited in platelets and secreted into the bloodstream. Aside from platelets, PAI-1 is also synthesized in endothelial cells, megakaryocytes, fibroblasts, macrophages, and adipocytes.[@bib83] Davila et al showed using immunohistochemistry and real-time PCR that PAI-1 is intensely immunostained in human PD plaque that PAI-1 mRNA levels are increased 16-fold compared with normal TA tissue.[@bib84] Abundant basic fibroblast growth factor (bFGF) is expressed during the early stages of tissue injury because activated chemotactic cytokines are released from the ECM by heparanase. The main function of bFGF is to stimulate angiogenesis and fibroblast proliferation during the development of granulation tissue. It fills up a wound space early in the wound-healing process by binding with heparan sulfate proteoglycans in the ECM and exerts local action in a paracrine mode.[@bib85]^,^[@bib86] Cell lines derived from PD plaque tissue express more abundant basic FGF than normal TA.[@bib87] Adenosine might also play an important role in the progression of fibrotic changes in damaged tissues. High levels of adenosine expression promote the pathogenesis of penile fibrosis through ADORA2B signaling. Mateus et al showed that among the four knowns adenosine receptors, ADORA1 and ADORA2B are significantly more prevalent in cells derived from PD plaque than non-PD TA tissues.[@bib88]^,^[@bib89]

Angiotensin II also mediates penile fibrosis by increasing the expression of thrombospondin-1, a major activator of latent TGF-beta. A previous study confirmed that losartan administered to a rat model reduces penile fibrosis after bilateral cavernous nerve injury.[@bib90]^,^[@bib91] Along with various degrees of buckling stress within the TA during intercourse, the number of layers of the tunica might also play a role in the development of PD. Shafik et al[@bib92] clearly found the following morphological variations of the TA in 28 cadaveric specimens: a two-layered (inner circular and an outer longitudinal) TA in 71.4% of men, and a three-layered (inner circular, intermediate longitudinal and outer circular) and single-layered (longitudinal) TA in 21.4% and 7.2% of the specimens, respectively.

The single-layer TA is likely to be more disturbed under the influence of mechanical stress during sexual intercourse than the three-layer structure of TA in patients with PD.[@bib92] The resistance of the collagen network in TA to mechanical stress is also affected by the overexpression of aquaporin 1 (AQP1) as a result of a localized maladaptive response to repeated microtrauma of the connective tissues of TA in patients with PD compared with normal TA.[@bib93] Insulin-like growth factor 1 (IGF 1) also plays an important role in tissue homeostasis and the level of its expression can change to influence wound healing. Thomas et al[@bib94] showed that the expression of all IGF1 isoforms (Ea, Eb, and Ec) was significantly suppressed in PD plaque compared with normal TA. When tissue is damaged, the expression of MCP 1 increases and it is involved in the recruitment of dendritic cells and monocytes, then followed by a cascade of inflammatory reactions. Significantly more MCP-1 was expressed in cells from PD plaque than normal TA cells, while the level of CTGF between non-PD and PD-fibroblasts remained unchanged. Szardening-Kirchner et al also confirmed significant up-regulation of MCP-1 gene expression in fibroblasts from PD and non-PD tissue after prolonged incubation with TGF-β1.[@bib95] Kottmann et al[@bib96]^,^[@bib97] found that the metabolite lactic acid is an important mediator of myofibroblast differentiation via a pH-dependent activation of TGF-β and overexpression of lactate dehydrogenase 5 (LDH5), and that HIF-1α induces myofibroblast differentiation in cultured human lung fibroblasts from patients with idiopathic pulmonary fibrosis. The role of apoptosis of myofibroblasts in wound healing has been emphasized. Myofibroblast apoptosis is inhibited during wound healing, and the excessive accumulation of ECM is a subsequent hallmark of fibrotic pathologic conditions, including PD.[@bib98]^,^[@bib99] In this review, we discussed some factors that might be implicated in the inhibition of myofibroblast apoptosis during the development of fibrosis and PD. Apoptosis is a crucial fundamental process aimed at the maintenance of tissue homeostasis and it is involved in metamorphosis, and normal tissue turnover during wound healing. A disturbance of its regulation is involved in the development of fibrosis and several other diseases. It can proceed either through extrinsic (death receptor-mediated) or intrinsic (mitochondrial) pathways. Pro-apoptotic and anti-apoptotic proteins such as Bax, Bad, and Bcl-2 are often imbalanced during the development of fibrotic changes. Safaeian et al reported that imbalanced Bax/Bcl-2 defines the susceptibility of a cell to apoptosis. They showed that high Bcl-2 expression contributes to myofibroblast resistance to apoptosis with further fibroproliferative changes in the lung.[@bib100] The roles of caspase 3 and 9, Bax/Bcl-2, and Fas-ligand have been examined in patients with PD.

Using immunohistochemistry and western blotting analysis, Loreto et al[@bib101] showed the overexpression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and its death receptor (DR5), indicating activation of apoptosis through an extrinsic pathway in PD tissue compared with normal TA. Another study using immunohistochemical staining showed Bax overexpression in myofibroblasts of PD plaque and metaplastic bone tissue, whereas the level of Bcl-2 was minimal. In addition, PD tissues are intensely and moderately immunostained for caspases-3 and -9, respectively. Therefore, plaque apoptotic events are partly induced by the intrinsic (mitochondrial) and extrinsic (CD95 or Fas ligand-mediated) pathways in stabilized PD.[@bib102] In contrast, Zorba et al.[@bib19] found high levels of Bcl-2, expression and decreased levels of caspase 3 and 8 expression using PCR. Despite these differences in data, myofibroblast apoptosis is activated at least partially, and inhibited by many factors. For instance, heat shock proteins (HSP) can inhibit apoptosis by interacting with proteins involved in programmed cell death, such as apoptotic protease activating factor 1 (Apaf-1), cytochrome c, and caspases. Although HSP 70 is involved in TGF-β receptor degradation and limits Smad phosphorylation, it also participates in the inhibition of apoptosis by inactivating Apaf-1 and AIF (apoptosis-inducing factor). At the mitochondrial level, HSP 70 blocks the translocation of Bax to the mitochondria and mitochondrial protein release to increase Bcl-2 stability. Both HSP 27 and HSP 90 inhibit the function of cytochrome C and Apaf-1, respectively.[@bib103] The anti-apoptotic activity of HSP 70 might also be enhanced by its mitochondrial chaperone, mortalin, which inhibits p53 translocation to the nucleus. Lee et al[@bib104] found more abundant mortalin expression in keloid fibroblasts than in adjacent normal tissues. Ajayi et al[@bib105] showed that Fas-resistant lung fibroblasts express abundant X-linked inhibitor of apoptosis protein (XIAP) in patients with idiopathic pulmonary fibrosis, and that its antagonists increased the susceptibility of lung fibroblasts to Fas ligand. On the other hand, using immunohistochemistry and western blotting, Liu et al[@bib106] showed that the expression of mitochondrial protein binding inhibitors of apoptosis, Smac/DIABLO, was lower in fibroblasts of hypertrophic scars than that in normal tissue.

High levels of Smac/DIABLO expression increase caspase-3 and -9 activities and inhibit the mRNA expression of types I and III pro-collagen in fibroblasts of hypertrophic scar tissue.[@bib106] All these factors and others that inhibit myofibroblast apoptosis are potentially involved in PD ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Factors and mechanisms that inhibit and activate myofibroblast apoptosis in Peyronie\'s disease (PD). Myofibroblast apoptosis is violated during all fibrotic process, because myofibroblasts would undergo apoptosis during normal wound healing. This contributes to various factors. Imbalanced expression of B-cell lymphoma-2 protein (Bcl-2) and Bcl-2 associated X protein (bax) in which levels of Bcl-2 increase and those of bax decrease, leads to persistent myofibroblasts and excessive ECM production. Heat shock proteins that interact with caspases, apoptotic protease activating factor-1(Apaf-1), and cytochrome C might function in inhibiting apoptosis. Heat shock protein (HSP) 70, HSP 27 and HSP 90 inhibit functions of Apaf-1 and cytochrome C. Heat shock protein 70 blocks Bax translocation to mitochondria and mitochondrial protein release and increases Bcl-2 stability. Anti-apoptotic activities of HSP 70 can be enhanced by mitochondrial chaperone mortalin, which inhibits p53 translocation into nucleus. Despite the expression of Fas and TNF-related apoptosis inducing ligand (TRAIL) and partial activation of external and internal activation pathways, other factors inhibit apoptosis. During fibrosis, amounts of X-linked inhibitor of apoptosis protein(XIAP) expression are increased against a background of low levels of mitochondrial proteins, second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein with low pI (Smac/DIABLO) and Omi-stress regulated endoprotease/high temperature requirement factor A2(Omi/HtrA2), which are regulators of apoptosis inhibitors.Fig. 3

### Interactions among various signal pathways in cells participating in development of PD and possible treatment targets based on data from studies of other fibrotic conditions {#sec1.1.4}

One of the conditions for the viability of a complex multicellular organism is a persistent, yet flexible, system of inter- and intracellular communications. Cell interactions with multiple external and internal stimuli constitute a whole intracellular cascade of signaling molecules and pathways of biochemical transformations. Critical target molecules and crosstalk between signal cell pathways, which have potential implications in the development and maintenance of fibrosis in PD, are reviewed. In the previous sections, we discussed the functional roles of the main elements of TGFβ signaling. Here, we reviewed other main cell signal transduction pathways that might be implicated in the excessive proliferation of myofibroblasts and their resistance to apoptosis, as well as in the chronic inflammation and fibrosis associated with PD. These include the Wnt/β-catenin, Notch, Hedgehog, Hippo, Rho/ROCK, PI3K/Akt/mTOR, p38 MAPK/ERK, JAK-STAT, and NF-κB signal pathways. As noted above, TGFβ signaling starts from the activation of latent TGFβ from LAP/LTBP under the influence of various cytokines and mechanical factors. Thereafter, it binds to receptor complexes on the membranes of fibroblasts, macrophages, and other cells. The synthesis of TGF-β1 is controlled by paracrine and autocrine regulation. Released TGF-β1 ligand exerts biological effects by binding to specific type I and II TGF-β1 receptors with serine--threonine kinase activity and further assembly into complexes, within which TGFβRII phosphorylates and activates TGFβRI. After receptor complexes are assembled, the TGFβ ligand mediates its signal through Smad proteins, and hyperactivated Smad2/3 leads to fibrosis, while Smad6 and 7 prevent it. Jang et al showed that inhibiting the TGF-β type I receptor, activin receptor-like kinase 5 (ALK5) using the synthetic inhibitor IN-1130 suppresses the subsequent TGF-β1-induced phosphorylation of Smad2 and Smad3 and nuclear accumulation of Smad proteins in human fibroblasts of PD-plaque. The ALK5 inhibitor, SKI2162 not only blocks TGF-β1-induced phosphorylation and nuclear translocation of Smad2 and Smad3 but also inhibits the production of extracellular matrix in human PD tissue.[@bib107]^,^[@bib108] Haag et al[@bib109] demonstrated rapid nuclear translocation of Smad2/3, Smad3 and Smad4 overexpression in TGF-β1-stimulated fibroblasts from PD-plaque compared with control normal TA, using PCR, western blotting, and immunofluorescence staining. The activation of Smad via transcriptional regulation promotes the expression of fibrogenic intermediate effectors, such as PDGF or CTGF, which are coactivators of TGF-β.

The crucial downstream mediators of TGFβ along with PDGF are epidermal growth factors, and the activation of their receptors (PDGFR/EGFR/ErbB) also contributes to the profibrotic effect of TGFβ. Andrianifahanana et al showed that inhibition of TGFβ/PDGF and ErbB pathways not only prevented myofibroblast differentiation, but also improved organ function in a mouse model of bleomycin-induced pulmonary fibrosis.[@bib110]^,^[@bib111] The effects of TGFβ can be exerted in a Smad-independent manner through the Wnt/β-catenin signal pathway. Akhmetshina et al showed that TGF-β activates canonical Wnt/β-catenin signaling by decreasing the expression of the Wnt antagonist, Dickkopf-1 (DKK1), and the overexpression of Wnt-1 and Wnt-10b ligands with increased nuclear accumulation of β-catenin in fibroblasts from fibrotic skin.[@bib112] Overexpression of DKK1 prevents fibrosis through the activation of myofibroblast differentiation from other sources such as bone marrow-derived mesenchymal stem cells and epithelial tissue. This fact has been confirmed in many studies, but the role of Wnt/β-catenin signaling has not been studied in the context of PD pathogenesis.[@bib113]^,^[@bib114] Crosstalk between Wnt/β-catenin and TGF-β signal pathways are involved in several fibroproliferative disorders such as Dupuytren disease and pulmonary fibrosis. Here, TGF-β inhibits the expression of DKK1 and up-regulates profibrotic genes by interaction with Wnt ligands. The other morphogenic Hedgehog and Notch pathways tightly interact with Wnt/β-catenin signaling, which is aberrantly activated under many fibrotic states, including PD.[@bib115]^,^[@bib116] Studies of skin, lung, liver, and kidney fibrosis have shown that the Notch signaling pathway is involved in the regulation of myofibroblast differentiation in the fibrotic area and that this is accompanied by the overexpression of Notch-1,2,3,4 and Jagged 1,2 ligands with increased nuclear accumulation of NICD (Notch intracellular domain) and further activation profibrotic genes. Crosstalk between TGFβ and Notch signaling has also been identified in various human fibrotic diseases and experimental animal models. The expression of Jagged-1 and notch-1 is induced by TGFβ, and inhibition of the γ-secretase complex leads to the amelioration of fibrosis by inhibiting activation of the TGF/Smad2/3 signaling pathway.[@bib117]^,^[@bib118] Deregulation of the transcriptional factor, yes-associated protein (YAP), and of transcriptional coactivators with a PDZ-binding motif (TAZ), a terminal effector of the Hippo pathway, are associated with pathological states such as PD, pulmonary, renal and liver fibrosis. Normal tissue regeneration occurs with hypomorphic (partial) activation of YAP/TAZ but under pathological conditions including fibrosis, it is enhanced due to the convergence of differently activated signal cascades such as Rho/ROCK, Wnt/β-catenin, TGF-β, and mechanosignaling. Therefore, the increased nuclear accumulation of YAP/TAZ as transcription coactivators promotes the expression of the central mediator of tissue fibrosis-CTGF by binding with the TEAD complex in the nucleus.[@bib119], [@bib120], [@bib121]

The overexpression of CTGF, which contributes to fibrosis, can also occur through excessive activation of ROCK signaling and the phosphorylation of Rho protein upon binding to the ligand-bound TGF-β receptor II/Alk-1 complex.[@bib122] Matrix stiffness-dependent fibroblast activation is partially triggered through TGF-β-independent expression of plasminogen activator inhibitor (PAI)-1, which promotes persistent YAP/TAZ nuclear localization by attenuating pericellular plasmin activity and this leads to constant cellular activation and fibrogenesis.[@bib123] Mechanistically, TGF-β1 signaling in PD plaque and fibroblasts derived from TA occurs via Rho/ROCK-mediated YAP/TAZ nuclear translocation. The ROCK inhibitor, Y-27632, and simvastatin prevent fibrotic changes in TA by inhibiting YAP/TAZ nuclear translocation and downregulating CTGF mRNA expression.[@bib124] Fasudil, a RhoA/Rho kinase (ROCK) inhibitor significantly induces the apoptosis of human fibroblasts derived from urethral scar tissues and decreases their proliferative activity in the absence or presence of TGF-β1 stimulation in a dose and time-dependent manner. Fasudil also suppresses actin polymerization and collagen synthesis, and induces apoptosis in human urethral scar fibroblasts stimulated with or without TGF-β1 via the Rho/ROCK signaling pathway.[@bib125]^,^[@bib126] Hedgehog (Hh) signaling plays an important role in tissue repair after injury, and its hyperactivation promotes the development of fibrosis in combination with other signaling pathways. For instance, Hedgehog signaling upregulates Wnt-2b and Wnt-5a and the Notch ligand Jaggad-2, and such interaction between several signal pathways can accelerate the progression of tissue fibrosis.[@bib127] The Hh ligands Indian, Desert, and Sonic Hedgehog (Ihh, Dhh, Shh) are upregulated during all fibrotic process, including PD along with overexpression of their transmembrane receptors: 12-path transmembrane protein patched (Ptch) and 7-transmembrane protein smoothened (Smo). Their activation leads to the dissociation of SUFU-Gli complexes in myofibroblasts along with further release of Gli proteins, which translocate into the nucleus and activate a target gene, including Smo, Ptch and transcriptional activators of the canonical Hh signal pathway Gli-1 and Gli-2 proteins. The Hedgehog signal pathway might be driven by a Gli protein-independent mechanism through interaction with TGFb, PDGF, and EGFR.[@bib128]^,^[@bib129] One of the universal signaling pathways characteristic of most human cells is PI3K/Akt/mTOR, which is responsible for growth, cell proliferation, metabolism, and avoiding apoptosis. This signal pathway is hyperactivated in fibroblasts from fibrotic tissue. Lin et al showed that supplementation with rapamycin improved penile fibrosis by up-regulation of eNOS, nNOS, and cGMP in a rat model of streptozotocin-induced type 1 diabetes.[@bib130] However, this is insufficient to reverse the fibrotic process. The mTOR inhibitor, rapamycin, does not inhibit dermal fibrosis due to increasing the upregulation of phosphorylated Akt on Ser473 in a rat model of systemic sclerosis.

In contrast, dual administration with BEZ235, an inhibitor of PI3K/Akt/mTOR signaling significantly reduced fibrosis by blocking Akt and GSK-3.[@bib131] Song et al[@bib132] showed that naringin inhibits the phosphorylation of Akt and downstream proteins of Akt and suppresses the proliferation of fibroblasts in hypertrophic scar tissue. Levels of mRNA and TGF-β1, PI3K, Akt, mTOR, and 70S6K proteins are higher in hypertrophic scar tissue than in normal skin.[@bib133] Jung et al[@bib134] showed that HS-173 (a derivate of imidazo\[1,2-a\] pyridine) an inhibitor of PI3K, decreased both fibroblast proliferation and differentiation into myofibroblasts in PD plaque by inhibiting PI3K/Akt/mTOR signaling. The activation of p38 mitogen-activated protein kinase (MAPK) and ERK1/2 intracellular signal pathways is potentially implicated in the Smad-independent production of proinflammatory and profibrotic mediators in PD. Tamoxifen inhibits TGF-b-mediated fibroblast activation in cultured primary human fibroblasts by blocking ERK 1/2 signaling.[@bib135]^,^[@bib136] However, the simultaneous inhibition of several hyperactivated signaling pathways results in more regression of fibrous tissue than the suppression of any single signaling cascade. For instance, Wang et al showed that the multikinase inhibitor sorafenib, which inhibits TGF-β/Smad and MAPK/ERK signaling pathways, increased the ratio of MMP-2/TIMP-1 and MMP-13/TIMP-1 and decreased the expression of CTGF, IL-6, and IL-8 in primary keloid fibroblasts.[@bib137] These effects have also been found in a few models of renal fibrosis after the creation of unilateral ureteral obstruction. The pharmacological inhibition of p38 MAPK-ERK1/2 and PI3K-Akt signaling leads to fibrotic regression and the decreased expression of profibrotic factors.[@bib138]^,^[@bib139] Since PD initially proceeds from the acute phase with repeated exposure to a damaging factor followed by plaque formation, the chronicity of the inflammatory and fibrotic proceeds on a background of altered ECM. This might be associated with constant activation of the JAK-STAT and NF-κB signal cell pathways. The pharmacological inhibition of JAK and STAT proteins suppresses the production of collagen IV, fibronectin, and other components of fibrotic tissue by decreasing the expression of pro-fibrogenic factors.[@bib140] Tao et al[@bib141] found increased proliferation and differentiation in human hypertrophic scar fibroblasts treated with CTGF, and blocking the JAK/STAT pathway with STAT1 ASODN was obviously inhibited, whereas α-SMA expression was not significantly altered.

The role of the JAK/STAT and NF-κB pathways in fibrosis has been shown in various models of obstructive uropathy. Pang et al[@bib142] confirmed the functional role of STAT3 activation in a rat model of unilateral ureteral obstruction, and a STAT3 inhibitor abolished the expression of ɑ-smooth muscle actin and fibronectin, which are markers of myofibroblasts.

Wang et al[@bib143] showed that α-keto acid supplements alleviate ischemia-reperfusion (IR)-induced inflammation and apoptosis in animal models of IR-induced renal injury by inhibiting activation of the NF-κB and MAPK pathways. Chuang et al[@bib144] showed that the expression of NF-κB significantly correlated with levels of IL-6 and TNF-α in a rat model of ureteral obstruction, and the number of apoptotic cells and their pharmacological inhibition attenuated the tissue damage and inflammatory process. Based on these data, we constructed a scheme of proposed cell signal pathways that might be involved in the pathogenesis of PD ([Fig. 4](#fig4){ref-type="fig"}). Despite improved understanding of the roles of the above signaling pathways in fibrogenesis, study results are considerably heterogeneous, and most studies have included animal models and primary cultures of human fibroblasts.Fig. 4Proposed cell signal pathways involved in PD. Several signaling cell cascades that can interact and are hyperactivated can participate in maintaining fibrotic processes. Akt: Protein kinase B; AP-1: activator protein 1; DDK-1: Dickkopf-1; Dsh/Dvl: dishevelled protein; ERK1/2: extracellular regulated kinases; FAK: focal adhesion kinase; Gli1/2, Zinc finger proteins; GF-β1, transforming growth factor β1; Ihh, Dhh, Shh Hedgehog ligands: Indian, Desert, or Sonic Hedgehog; IRAK: interleukin-1 receptor-associated kinase; IKK: inhibitor of nuclear factor kappa-B kinase; JAK: Janus kinase; MEK/p38 MAPK: mitogen-activated protein kinase; mTOR: mechanistic target of rapamycin; NICD: Notch intracellular domain; PI3K: p70S6K1, 70 kDa ribosomal protein S6 kinase 1; Phosphoinositide 3-kinase; PKC: protein kinase C; Ptch: 12-path transmembrane protein patched; PDK: phosphoinositide-dependent protein kinase; PTEN: Phosphatase and tensin homolog; RhoA: Ras homolog gene family, member A; ROCK: Rho-associated protein kinase; SOCS: suppressor of cytokine signaling; Smo: transmembrane protein smoothened; STAT: signal transducer and activator of transcription; SUFU: suppressor of fused homolog; TAK: transforming growth factor beta-activated kinase; TNF: tumor necrosis factor; YAP: Yes-associated protein; SARA: SMAD anchor for receptor activation; SMAD: Mothers Against Decapentaplegic Homolog; 4E-BP1: 4E-binding protein 1; SOS: son of sevenless; TEAD: transcriptional enhanced associate domain; GSK-3B: Glycogen synthase kinase 3 beta; CaN: Calcineurin; NFAT-1: Nuclear factor of activated T-cells 1; Mdm2: E3 ubiquitin-protein ligase; Cdc42: Cell division control protein 42; NEMO: NF-κB essential modulator; TRAF: tumor necrosis factor receptor (TNF-R)-associated factor; MyD88: myeloid differentiation primary response 88; TRADD: TNFR1-associated death domain protein; RIP: receptor-interacting protein.Fig. 4

Nevertheless, we constructed a model of the pathogenesis of PD, based on most ubiquitous signaling pathways involved in fibrogenesis in various tissue structures. Notably, the relatively small numbers of qualitative translational studies of the role of signaling cell pathways have been directly conducted in cultured PD plaque, which has significant limitations. To superimpose knowledge gained about various fibrotic diseases onto PD is difficult due to the heterogeneity of fibroblasts and the intercellular matrix in specific organs and tissues. Given all of the above, translational studies of PD need to be expanded in terms of investigating more intracellular signaling cascades and changes in the intercellular matrix that occur during the development of this disease. Ultimately, the emergence of new agents that will more effectively eliminate fibrous changes in PD plaque, in contrast to the present conservative treatment recommended by EAU with conflicting results, will depend on such investigations. Surely more research will promote the development of multikinase agents or effective combinations that will block several signaling cell pathways involved in the fibrotic process.

Conclusions {#sec2}
===========

The pathogenesis of PD is still not fully understood. Nevertheless, this pathology should be considered as a uniquely localized type of impaired wound processes within the TA and the Smith space. The key to understanding the cause of PA lies in an accurate interpretation of the histological and anatomical features of the PA plaque and the nature of the pathological stimulus that leads to its formation. Many factors influence the imbalance of MMP/TIMP, including a deficiency of specific cofactors, and their replenishment might prevent the pathogenesis and/or improve the course of PD.

Despite the nature of the pathological stimulus, constant hyperactivation of intracellular signaling pathways plays essential roles in the development of the fibrotic process in PD. Eventually, this leads to disruption of myofibroblast apoptosis, circulation of the matrix, and persistent inflammation. The development of multikinase drugs as well as various combinations that can affect intermediate downstream mediators that are common to many signaling cell cascades can significantly block the development of fibrosis rather than blocking mediators of individual intracellular cascades. Further translational studies are needed to determine changes in ubiquitous intracellular signaling pathways directly in models of TA and other structures involved in PD. This will facilitate the construction of a more accurate scheme of pathogenesis, considering various changes in the ECM and cytokine deregulation.
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